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Abstract. A set of 17 air temperature and relative humidity sensors were used to 
analyze the temporal variability of surface air temperature (Tair), wet bulb temperature 
(Twb), and daily snow making hours (SM, number of hours per day with Twb<-2ºC) 
lapse rates and the occurrence of thermal inversions at the Formigal ski resort (Spanish 
Pyrenees) from December to March during three consecutive ski seasons (2012–2013, 
2013–2014, and 2014–2015). The Tair and Twb lapse rates showed strong hourly and 
daily variability, with both exhibiting almost identical temporal fluctuations. 
The Twb exhibited average lapse rates that were slightly steeper (–5.2°C/km) than those 
observed for Tair (–4.9°C/km). The less steep lapse rates and most thermal inversions 
were observed in December. Days having less (more) steep Tair and Twb lapse rates 
were observed under low (high) wind speeds and high (low) relative humidity and air 
pressure. The temporal dynamics of the SM lapse rates was more complex, as this 
involved consideration of the average Tair in the ski resort, in addition to the driving 
factors of the spatio-temporal variability of Twb. Thus, on a number of cold (warm) 
days snow making was feasible at all elevations at the ski resort, independently of the 
slopes of the lapse rates. The SM exhibited an average daily lapse rate of 8.2 h/km, with 
a progressive trend of increase from December to March. 
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Weather types over the Iberian Peninsula tightly control the driving factors of the Tair, 
Twb, and SM lapse rates (wind speed, relative humidity, and Tair), so the slopes of the 
lapse rates and the frequency of inversions in relation to elevation for the three variables 
are very dependent on the occurrence of specific weather types. The less steep lapse 
rates occurred associated with advections from the southeast, although low lapse rates 
also occurred during advections from the east and south, and under anticyclonic 
conditions. The steepest Tair and Twb lapse rates were observed during north and 
northwest advections, whilst the steepest rates for SM were observed during days of 
cyclonic circulation and advections from the northeast.  
Keywords. snow making, air temperature, wet bulb temperature, lapse rates, Pyrenees 
 
1. Introduction 
In recent decades ski tourism has become one of the most important sources of income 
for many mountain regions worldwide (Gilaberte et al., 2014). Despite their obvious 
environmental impacts, ski developments provide for economic and income 
diversification, and are associated with improvements to services and infrastructure 
(Lindberg et al., 2001; Lasanta et al., 2007). However, the economic viability of ski-
based tourism relies on the presence of adequate snow depths during the ski season 
(Steiger and Mayer, 2008; Scott et al., 2012; Pons et al., 2015). This is a major 
challenge for winter sport destinations (Rixen et al., 2011), especially those located at 
mid-latitudes or in low elevation areas, where the snowpack is characterized by strong 
interannual fluctuations, and global warming is acting to diminish the snowpack 
(López-Moreno et al., 2009). 
 In low elevation ski areas, snow making represents a key technology to buffer the 
impact of interannual variability of snow conditions, and is increasingly considered to 
be the most reliable adaptation measure for alpine ski resorts facing the consequences of 
climate change (Uhlmann et al., 2009; Spandre et al., 2017). However, for successful 
and efficient production of machine-made snow, particular air temperature and humidity 
conditions need to be met, generally defined by a wet bulb temperature (Twb) threshold. 
This threshold is not always met, especially at lower elevation sites where the natural 
snowpack is less abundant because (López-Moreno et al., 2017). For this reason the use 
of snowmaking is questioned, and discouraged in those areas were the potential for 
regular snow production is uncertain under short-term climate projection scenarios that 
indicate declining conditions for skiing and snow production in coming decades 
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(Gilaberte et al., 2017). Thus, to assess the potential for snowmaking to overcome the 
large spatial and temporal variability of natural snowpacks it is imperative to understand 
the spatial and temporal dynamics of Twb within ski resorts. No such studies have yet 
been reported. 
The Twb is the temperature of a particular volume of air cooled to saturation (100% 
relative humidity) by the evaporation of water into it, and is always less than or equal to 
dry Tair. The more moisture in a parcel of air the less moisture it can absorb, and the 
colder it must become to form snow crystals from the fine droplets of water. Depending 
on the snowmaking technology, Twb values colder than –1° to –4°C are commonly 
used as thresholds for snow production. At the local scale (i.e. within a ski resort), the 
spatial variability of relative humidity (RH) is mostly determined by Tair because the 
specific humidity (the water content of air) tends to be highly spatially homogeneous 
(Brutsaert, 1998). At local scales most of the variability in Tair is because of vertical 
changes described by the so-called environmental lapse rate (ELR), which is assumed to 
be –6.5°C/km under neutral conditions in free atmosphere (Frederick, 2008); this value 
is commonly used to spatially interpolate and extrapolate air temperature (López-
Moreno et al., 2017). However, many studies have indicated that numerous factors 
make air temperature gradients very site-specific, including topography (slope, aspect, 
sky view factor), the presence of snow and ice, and vegetation and soil types (Nuñez 
and Calhoun, 1986; Roland, 2003; Marshall, 2007; Blandford et al., 2008; Pepin and 
Lundquist, 2008, Pages and Miro, 2010; Kattel et al., 2013). In addition, Tair lapse rates 
are highly dependent on surface processes (Minder et al., 2010) including air moisture, 
wind speed, atmospheric pressure, and solar radiation, and this explains the very strong 
temporal variability in the slope of ELR at sub-daily to seasonal and interannual scales 
(Thayyen et al., 2005, Tang and Fang, 2006; Gardner et al., 2009, Heynen et al., 2016). 
The various meteorological conditions affecting ELRs are generally associated with the 
passage of air masses having differing characteristics (Kirchner et al., 2013), providing 
the potential to establish the relationships of various weather types and synoptic 
conditions to the slopes of the ELRs (Pepin 2001; Blanford et al., 2008; Holden and 
Rose, 2011). 
Thus, knowledge of the spatio-temporal evolution of Tair and Twb temperatures is 
essential for mountain areas where artificial snow production is important in 
management of ski resorts. In this study, based on the ski resort of Formigal (Spanish 
Pyrenees), we used hourly data from 17 sensors measuring temperature and relative 
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humidity over three consecutive ski seasons (2013–14, 2014–15, and 2015-16) to assess 
the temporal variability of the Tair and Twb lapse rates, and their impacts on the 
production of artificial snow. The effects of meteorological factors and the weather 
types on the slope of the lapse rates were also analyzed. 
 
2. Study area 
This study was carried out at the Formigal Ski Resort (Central Pyrenees; 42.5°N 
0.25°W; Fig. 1), which is the largest ski area in the Spanish Pyrenees, comprising 137 
km of ski runs. Elevations at Formigal range from 1550 to 2300 m a.s.l., and the lifts 
have a maximum capacity of 35,920 skiers per hour. The ski season generally starts in 
early December and finishes in early April. 
Data from the automatic weather stations at Izas (2056 m a.s.l.), which is located in the 
vicinity of this ski area, indicates a mean annual Tair of 3°C and an average of 130 days 
each year when the daily mean Tair is < 0°C (Revuelto et al., 2017). The mean annual 
precipitation is approximately 2000 mm, of which more than 50% falls as snow (López-
Moreno et al., 2013). Although the mean winter Tair is < 0°C, the area is subject to 
temperate or rainy spells during winter, which trigger melting events and major 
metamorphosis of the snowpack throughout the snow season (Fassnacht et al., 2010). 
The wind direction is predominantly from northwest and southeast (Revuelto et al., 
2014, 2017; Navarro-Serrano and López-Moreno, 2017). 
 
3. Data and methods 
One measurement per hour of Tair and RH were obtained from 17 Tinytag TGP-4500 
data loggers (www.geminidataloggers.com/data-loggers/tinytag-plus-2/tgp-4500) 
evenly placed in an area of 12 km2 within the Formigal ski resort (Fig. 1); these 
provided data for 331 days during the three seasons of the study. The manufacturer’s 
stated accuracy for the sensors is ± 0.01°C for Tair and ± 0.3% for RH. The data loggers 
were hung from the eaves of the roofs of chair lift sheds, at approximately 2.5 m height 
above the bare ground, and were protected by radiation shields (DataMateTM). The 
lowest sensor was at 1554 m a.s.l. and the highest was at 2305 m a.s.l., at the top of the 
ski area. At least one sensor was placed in each 100-m elevation band in the two main 
valleys of the ski area. There is also an automatic weather station at 2056 m a.s.l. in the 
study area; this records temperature (Tair), wind speed (WS), RH, and air pressure (Pat) 
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every 10 min. The data for Tair and RH from this station provided an extra sensor for 
the study (i.e. total = 18). The WS, RH, and Pat parameters were used as explanatory 
variables for temporal fluctuations of the lapse rates for Tair, Twb, and the snow 
making hours (SM, Twb< -2ºC). 
 
 
Figure 1. Study area. Location of the temperature (Temp.) and relative humidity (RH) 
sensors, and the meteorological station. Contour lines are drawn for every 200 meters of 
elevation. 
 
The Twb was calculated from Tair and RH using the equation of Stull (2011), which 
presented a mean absolute error < 0.3°C: 
Twb = Tair × tan [0.151977(RH + 8.313 659) 1/2
 
] + atan(Tair + RH) – atan(RH – 
1.676331) + 0.00391838(RH)3/2 atan(0.023101RH%) – 4.686035 
From the hourly Twb series, it was set the daily number of hours of snowmaking (SM 
hours) summing all hours per day with Twb< –2ºC at each sensor. This threshold was 
based on the technical specifications of the 440 snow guns (Technoalpin TL6 and M18) 
installed in the ski area. The slopes of the linear regressions of Tair, Twb, and SM hours 
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as a function of elevation were used as measures of the lapse rates, and the Pearson’s r 
coefficient was used to assess the strength of the correlations. A threshold of p < 0.05 
was used to assess whether the relationships were statistically significant. Significant 
correlations for data from the 17 data loggers corresponded to r values less than and 
greater than –0.41 and +0.41, respectively. 
The relationships of the Twb and SM daily lapse rates to average daily WS, RH, Pat, 
and Tair were assessed. The interactions amongst variables were explored using 
regression tree classification models (Breiman et al., 1984); these are non-parametric 
methods based on recursive splitting of the information from the predictor variables to 
minimize the sum of the squared residuals obtained in each group. The complexity of 
the final tree is generally based on the tree size that minimizes model deviance from 
cross-validation measures, and maximizes the coefficient of determination (Molotch et 
al., 2005). Similarly, the tree size was fitted based on a 1% threshold for the relationship 
of reduced variance to complexity for a sequence in the pruned tree, and assignment of 
a minimum node size (at least 20 observations per node). 
To explore the dependence of the Tair, Twb, and SM lapse rates on the passage of air 
masses having different characteristics and trajectories, a classification of weather types 
over the Iberian Peninsula was conducted. Daily weather types for the Iberian Peninsula 
were classified as described by Jenkinson and Collison (1977). The method is based on 
an index obtained from the direction and vorticity of geostrophic wind, calculated from 
daily sea level pressure data at 16 points that form a grid of 5° latitude encompassing 
the Iberian Peninsula. This method has been fully explained and discussed by Jones et 
al. (1993) and Trigo and DaCamara (2000), and successfully applied to the Iberian 
Peninsula (Goodess and Palutikof, 1998; Spellman, 2000; Trigo and Dacamara, 2000; 
López-Moreno and Vicente-Serrano, 2007). This classification generates 26 circulation 
weather types (CWTs): anticyclonic (A), cyclonic (C), 8 directional and 16 hybrid 
CWTs. The number of types was reduced by assigning the 16 hybrid CWTs according 
to their directional flow; for example, ANE (anticyclonic–northeast) was classified as 
NE (northeast). This enabled interpretation of the results to be simplified to 2 pure (A, 
C) and 8 directional (N, NE, E, SE, S, SW, W, NW) CWTs. Following a modified 
version of the procedure of Rasilla et al. (2002), unclassified (U) days were reclassified 
using two rules based on the sea level pressure at point 8 on the grid (p8; located 
approximately over Lisbon, on the west Iberian Peninsula), plus a third rule introduced 
for this analysis:  
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• p8 < 1020 mb: Cyclonic (C) 
• 1020 < p8 < 1030 mb: Anticyclonic (A) 
• p8 > 1030 mb: Severe Anticyclonic (A+) 
The selection of p8 was based on it being closest to a center in the Iberian Peninsula 
grid. We added the Severe Anticyclonic (A+) type because we detected a much stronger 
relationship between the near surface temperature lapse rate (NSLR) and A+ days 
compared with generic anticyclonic situations. 
 
4. Results 
Figure 2 shows the daily fluctuations in the Tair and Twb lapse rates during the three 
ski seasons in the study (Fig. 2A), the frequency distribution of the lapse rates, and the 
coefficient of correlation between elevation and Tair, Twb, and daily SM hours during 
each ski season and in each month for the period December–March (Figs 2B–D). The 
plots show that there were very large daily fluctuations in the lapse rates and very 
similar values for Tair and Twb, which averaged –4.9 and –5.2°C km–1 (respectively) 
over the entire study period. During December the average lapse rates were the least 
steep (–2.9 and –3.1°C/km, respectively) and the coefficients of correlation were lower 
than during the other periods of the snow season. January had the most variable lapse 
rates and coefficients of variation, but the average and median values (approximately –5 
and –6°C km–1, respectively) were similar to the values for February and March. The 
relationship between elevation and snowmaking hours is on average 8.2 h km–1, and the 
correlations exhibit much lower values compared to Tair and Twb. Both the lapse rates 
and the correlation coefficients tended to increase during each ski season. 
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Figure 2. Average daily Tair and Twb lapse rates for the three ski seasons in the study 
(A); and the frequency distribution of lapse rates (B) and the coefficients of correlation 
(C) between elevation and Tair, Twb and SM hours Tair, Twb, and SM hours (C). 
Horizontal lines indicate the interannual mean (red) and median (black) values, the 
boxes indicate the 25th and 75th percentiles, the bars indicate the 10th and 90th 
percentile, and the dots indicate the 5th and 95th percentiles.  
 
Figure 3 shows the daily number of hours having a Twb value below –2°C (bottom 
plot), calculated from the daily Twb lapse rates at three different elevations in the ski 
resort (1550, 1900, and 2250 m a.s.l.), and illustrates the effect of average Tair on the 
lapse rates for SM. This figure also shows that during cold periods there are not lapse 
rates because there are conditions for SM throughout the day at the three elevations. 
However, under warmer Tair conditions the lapse rates in Twb caused marked 
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differences, with several days having 24 hours of SM conditions at 2250 m a.s.l. but 
only 10–15 hours at the lowest elevation. Thus, during warmer days when it was only 
possible to produce snow for a few hours at the highest elevation, the conditions for 
snowmaking at lower elevations did not exist. For only a few days during the three 
snow seasons was snowmaking not possible at any time of the day at 2250 m a.s.l. 
Figure 3 also shows that there were a number of days when there were more hours of 
potential SM at lower elevations than at higher elevations, as a consequence of thermal 
inversions. On these days the low Twb temperatures enabled SM at the three elevations. 
However, on other days the Twb was more than 2°C lower in the valleys bottoms 
compared with the upper slopes. This explains the mismatch between the number of 
inversion days in Twb and SM shown in Figure 3. 
Table 1 shows the total and monthly frequencies of days when cooling of the snowpack 
was not significantly (p < 0.05) correlated with elevation, and the days when the slope 
of the linear fit of Tair and Twb (SM) as a function of elevation was positive (negative). 
For 24% and 28% of the days, respectively, there was no statistically significant 
correlation of Tair and Twb with elevation. In December the proportion of days (40% 
and 46%, respectively) when this relationship pertained was greater than during the 
period from January to March (16–24% for Tair, and 17–18% for Twb). Among those 
days only on 11.1% and 11.7% of the days were there inverted elevation lapse rates for 
Tair and Twb, respectively, with December again having a higher proportion of days 
(20% and 24%, respectively) having inverted lapse rates for Tair and Twb relative to the 
period from January to March (< 10% of days having thermal inversions). As noted 
above, the result for the numbers for SM hours was very different from the cases for 
Tair and Twb. Thus, for > 50% of the days there was no statistically significant linear 
relationship of SM with elevation, but the proportion of those days having inverted 
lapse rates (9.4%) was less than for Tair and Twb. For SM daily hours there was a clear 
reduction in the inverted lapse rate with time during the ski season, with average values 
of 22, 8.3, 4.7, and 2.2 days per month per year for December, January, February, and 
March, respectively. 
Figure 4 shows the average hourly lapse rates for Tair and Twb calculated for the entire 
dataset. This shows clear sub-daily variability, with steeper lapse rates during the hours 
in the middle of the day (from 11:00 am to 15:00 pm), when lapse rates were similar to 
the standard ELR (–5.9 and –6.6°C/km for Tair and Twb, respectively). Furthermore, 
the lapse rates tended to moderate in the evening and during the night, followed by a 
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steep reduction in the lapse rates from 4:00 am to 8:00 am, when the lowest lapse rates 
during the day were recorded (–3.6 and –3.9°C/km for Tair and Twb, respectively). 
 
 
 
Figure 3. A: Daily mean Twb in the ski resort based on data from the 17 installed 
sensors. B: Daily number of SM hours (daily hours when Twb < –2°C) at 1550 m 
(green), 1900 m (red), and 2250 m (blue), calculated from the linear relationships 
between SM and elevation. Blue and red circles indicate days having inverted lapse 
rates for Twb and SM, respectively. 
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 % Days with no significant 
correlation with elevation 
% Days with inverted elevation  
lapse rate 
 Ta Twb SM Days Ta Twb SM Days 
Dec. 40 46 57 20 24.4 22 
Jan 24 28 53 8.6 9.6 8.3 
Feb. 16 17 49 8.23 7.3 4.7 
Mar. 17 20 53 7.8 5.5 2.2 
Average 24 28 53 11.1 11.7 9.4 
 
Table 1. Total and monthly frequency of days when snowpack does not cools following 
a statistically significant (p<0.05) relationship with elevation, and the days when the 
slope of the linear fit of Tair and Twb (SM) is positive (negative) 
 
 
 
Figure 4. Total average hourly lapse rates for Tair and Twb. The study area is in zone 
UTC+1. 
 
 
Figure 5 shows the correlation of Twb and SM lapse rates with daily WS, RH, and Pat. 
Statistically significant linear correlations were found for WS, RH, and Pat with Twb (p 
< 0.05), and were clearer for RH (r = –0.57) and Pat (r = 0.48). Thus, days having lower 
RH and higher Pat were associated with the lowest Twb lapse rates, and vice versa. The 
correlation coefficient for WS (r = –0.37) indicated that the Twb lapse rate decreased 
with decreasing WS. The Tair and Twb lapse rates were not correlated (r = 0.03). The 
SM lapse rates showed similar relationships with WS, RH, and Pat as those found for 
Twb, but because of the many days when the SM lapse rate was 0 the correlation 
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coefficients were lower, resulting in only the correlation with RH being statistically 
significant (p < 0.05; r = –0.38). 
 
 
 
 
Figure 5. Correlations of wet bulb temperature (Twb; i) and daily snowmaking hours 
(SM; ii) lapse rates with daily (A) wind speed (Ws), (B) relative humidity (RH), (C) 
atmospheric pressure (Pair), and (D) air temperature (Tair). 
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Figure 6. Tree classification models for predicting the Twb and SM lapse rates (Twb LR 
and SM LR, respectively), based on the variables WS, RH, and Pat. Nº is the number of 
data points at each node. Terminal nodes are framed in a thick line.  
 
Figure 6 show the classification trees for predicting the Twb and SM lapse rates using 
WS, RH, Tair, and Pat as predictor variables, although Pat was not included in either of 
the two models. Mean absolute errors (MAEs) of 1.51°C km–1 and 0.0021 h km–1 were 
obtained for Twb and SM, respectively. For the Twb lapse rates the first classification 
was based on three classes of WS (≤ 3.8, 3.8–4.7, and > 4.7 m s–1). The days of lowest 
wind speed were classified into three classes of RH; those having RH < 56.7%, those 
having the lowest lapse rate (–2°C km–1), and those where the lapse rates increased with 
increasing RH. Those days in the windiest class (WS > 4.7 m s–1) and having high RH 
(> 84%) were associated with the highest predicted Twb lapse rates (mean value 9°C 
km–1). 
The classification tree for SM hours also presents the first split based on WS, but with a 
lower threshold than for Twb (classifying days having WS values less than and greater 
than 2.9 m s–1). The days having very low WS and low RH (≤ 44.5%) values had a low 
lapse rate (1 h km–1), with the slope of the SM lapse rate increasing as RH increased (up 
to 14 h km–1 for RH > 85.4%). For days having low WS (< 2.9 m s–1) and medium RH 
(44.5–84.5%), those having Tair > 0.6°C had very low lapse rates, so it is unlikely that 
snow could be made at any elevation. For days having WS > 2.9 m s–1 and RH > 85.4%, 
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the SM lapse rate average was 16 h km–1. For days having high WS but low RH (≤ 
30.7%), the average lapse rate was 3 h km–1. Days having intermediate RH (30.7–
85.4%) were highly dependent on Tair; very low SM lapse rates were found for the 
coldest days (Tair < –3.4; 1 h km–1), intermediate SM lapse rates were found when Tair 
ranged from –3.4°C to –1.5°C (6 h km–1), and very high lapse rates were found for days 
warmer than –1.5°C (14 h km–1). 
 
 
Figure 7. Average (bars) and standard deviation (whiskers) for WS (7A), RH (7B), Tair 
(7C), and the Tair, Twb, and SM lapse rates (7D) for various weather types over the 
Iberian Peninsula. 
 
 
Figure 7A-C shows the averages and standard deviations for the three main explanatory 
variables (WS, RH, and Tair) identified in the tree models, and the Tair, Twb, and SM 
lapse rates associated with the various circulation weather types (CWTs) for the Iberian 
Peninsula during the study period (7D). This shows that the CWTs strongly influenced 
the lapse rates in the ski area. Thus, the lowest WS (2.5–3 m s–1) and RH (40–45%) 
conditions occurred under the E, SE, and S CWTs. During A weather type conditions 
the WS was also very low (2.9 m s–1), increasing to 3.9 m s–1 during A+ conditions; but 
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low RH (45%) was associated with the A+ type, and mean RH of 59% was associated 
with the A type. This explains why the days on which SE, E, S, A+, and A CWTs 
occurred had (in increasing order of importance) the lowest Tair and Twb lapse rates. In 
addition, these CWTs were also associated with the warmest daily mean Tair values 
(Fig. 7C), all of which were > 0°C; this also explains the lowest lapse rates for SM. The 
SE weather type was associated with the most moderate lapse rates for Tair, Twb, and 
SM. In contrast, in descending order the highest mean WSs (3.8–4.7 m s–1) occurred 
during N, NW, NE, W, and C CWTs, while the W, NW, C, N, and NE types were 
associated the highest RH conditions (from 81 to 62%, in descending order). The 
combination of these two variables resulted in the N, NW, and NE CWTs being 
associated with the steepest Tair and Twb lapse rates (with values very similar to the 
standard ELR of –6.5°C km–1); high but slightly lower lapse rates also occurred during 
W and C conditions. The lowest Tair in the ski area occurred during advections from 
the N and NW, but the standard deviations indicated large variability. The Tair values 
(> or approximately 0°C) during C, W, and NE weather types were considerably higher 
than those associated with N and NW CWTs, resulting in the steepest SM lapse rates 
occurring during C days, followed by days under W, NW, and NE weather types.  
Figure 8A shows the percentage of days for each weather type when Tair, Twb, and SM 
lapse rates exhibited inversions. A 25–40% of the days under SE, E, and S weather 
types, and almost 20% of the days under A and A+ types, there was warming and 
reduced potential for artificial snow production with increasing elevation. However, as 
the A and A+ weather types were much more common than the E, SE, and S types (Fig. 
8B), by far the majority of the thermal (Tair and Twb) and SM inversions were 
associated with A and A+ weather types. Thus, 35% and 23% of the SM inversions 
were observed under A and A+ weather types, respectively, whereas the SE, S, SW, E, 
and W types were associated with only 16, 12, 9, and 5%, respectively, of the total SM 
inversions during the three ski seasons in the study. 
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Figure 8. Percentage of days for each weather type with inversions in the Tair, Twb, 
and SM relationship with elevation (A); and the total percentage of days having 
inversions associated with each weather type (B). 
 
 
5. Discussion 
This study showed that Tair and Twb lapse rates were subject to strong sub-daily and 
daily variability in the Formigal ski area from December to March during the 2012–13, 
2013–14, and 2014–15 ski seasons. The Tair and Twb lapse rates showed almost the 
same daily fluctuations, and the long-term average for both was well below the average 
standard environmental lapse rate for dry temperature (–6.5°C km–1), with the Twb 
lapse rate (–5.2°C km–1) being slightly steeper than the Tair lapse rate (–4.9°C km–1). 
The Twb lapse rate controlled the elevation dependence of SM, but SM was also 
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strongly controlled by Tair because for very cold and very warms days the SM lapse 
rate was close to 0 independently of the Twb lapse rate. For this reason, the correlation 
coefficients between elevation and SM were considerably lower than those for Tair and 
Twb. The average SM lapse rate was 8 h km–1, reflecting marked differences in the 
potential for production of artificial snow within the ski resort. The study also identified 
that there were a number of days where an inversion in the lapse rate occurred with 
increasing Tair and Twb (11.1% and 11.7% of the studied days, respectively), and a 
decrease of SM occurred with elevation (9.4% of the days). 
Because this study focused only on the ski season (from December to March) it did not 
identify clear monthly variability in the Tair and Twb lapse rates, as has been reported 
in many studies based on the entire year (Roland et al., 2002; Tang and Fang, 2006); 
these studies have generally shown that the weakest gradients occur in winter (Blanford 
et al., 2008; Kirchner et al., 2013; Kattel et al., 2015). Nonetheless, December had by 
far the least steep air temperature lapse rate and the highest number of thermal 
inversions. The SM lapse rate is closely related to Tair, but showed more marked 
monthly changes than the Tair and Twb lapse rates, and increased continuously from 
December to March as Tair progressively increased. The strong SM lapse rates that 
occurred in March (10.3 h km–1) suggest that at the end of the snow season this measure 
is useful at high elevations, but of very limited value for lower parts of the ski area, 
which are the most problematical for skiing because of the shallow snowpack (Gilaberte 
et al., 2017). We also found considerable diurnal variability in the Tair and Twb lapse 
rates; this needs to be taken into consideration when estimating SM productivity, as the 
weakest lapse rates occurred during the midnight to early morning period, when usually 
more artificial snow is produced. 
The marked daily variability of the Tair and Twb lapse rates showed strong negative 
linear correlations with relative air humidity and wind speed, with the most humid and 
windiest days exhibiting the steepest rates. Similar relationships have been found for 
Tair lapse rates in other geographic areas. Thus, Kattel et al. (2013, 2015) reported that 
the difference between wet and dry air conditions was the most important factor 
controlling the near surface lapse rates in the Himalayas. Pepin et al. (1999) and Li et al. 
(2013) also reported a negative relationship between lapse rates and relative humidity in 
northern England and China, respectively. Negative relationships between WS and Tair 
lapse rates have been reported for the Swiss Alps (Kirchner et al., 2013) and the 
Pyrenees (Pages and Miro, 2010). Atmospheric pressure (Pat) was also strongly 
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positively correlated with the Tair and Twb lapse rates. This variable also exhibited 
high collinearity with RH and WS, so seems to be redundant in explaining the temporal 
dynamics of lapse rates when information on RH and WS is available. However, it may 
be a useful indicator of temporal fluctuations in lapse rates in regions where limited 
meteorological information is available, as Pat tends to exhibit a relatively 
homogeneous behavior over large areas, including in complex topography, and where 
reliable gridded datasets covering long-term periods are available (Allan, 2006). The 
temporal dynamics of the SM lapse rates was more complex. Thus, correlations with 
meteorological variables were lower than Twb because the average Tair in the ski resort 
led to 0 or 24 SM hours independently of the magnitude of the atmospheric variables. 
A regression tree model enabled reliable classification of days into groups (nodes) 
according to various thresholds of RH and WS that had similar Twb lapse rates. This 
type of classification may be useful for managers of ski areas in estimating the spatial 
distribution of SM effectiveness, based on short-term weather forecasts. 
Tair was a good predictor of the temporal fluctuation of SM hours lapse rates. The 
regressions tree models used Tair to identify which days having steep Twb lapse rates 
led to strong elevational differences in SM hours, and which days had an SM lapse rate 
of 0 as a consequence of sufficiently cold or warm conditions, ensuring successful SM 
throughout the ski area. 
This study also confirmed that weather types (CWTs) tightly control RH, WS, and Tair 
at the Formigal ski resort. Thus, major differences in the Tair, Twb, and SM lapse rates 
occurred in the study area, depending on the CWTs. Knowledge of the characteristics of 
the air masses associated with different CWTs has previously been identified as useful 
in understanding the temporal dynamics of air temperature lapse rates (Blanford et al., 
2008; Holden and Rose 2011; Kirchner et al., 2013). 
We found that the SE weather type was associated with the lowest RH and WS, and 
high temperature explained the most moderate Tair, Twb, and SM lapse rates. The E, 
SE, S, A, and A+ weather types shared the same conditions, with obvious shadings, 
mentioned for SE. The A and A+ types are among the most common weather types over 
the Iberian Peninsula during the winter months (López-Moreno and Vicente-Serrano, 
2007; Navarro-Serrano and López-Moreno, 2017), which explains why winter lapse 
rates are much less than the standard average ELR (–6.5°C km–1), and that the majority 
of thermal inversions at Formigal (and in the Pyrenees) are because of the occurrence of 
anticyclonic periods (Pepin and Kidd, 2006), which are particularly persistent in 
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December and early January (Pages and Miró, 2010). Cyclonic systems and advections 
from the N, NW, NE cause the windiest, most humid, and coldest conditions. Thus, the 
steepest Tair and Twb lapse rates were observed during N and NW weather types, 
followed by NE and cyclonic conditions, while the steepest lapse rates for SM occurred 
during C, W, NE, and NW weather types, when Tair was higher than during the N 
weather type, or the lapse rates exhibited large variability associated with marked 
elevational differences in SM production. 
As the occurrence of CWTs over a given area is normally controlled by hemispheric-
scale atmosphere circulation, strong interannual differences occur for the most common 
CWTs (Buisan et al., 2015). This may be one of the main explanations for the 
significant differences reported in year to year Tair lapse rates (Holden and Rose, 2011). 
Thus, the availability of multi-year detailed datasets is necessary to fully understand the 
dynamics of regional-based lapse rates. 
 
6. Conclusions 
This study shows that the dynamics of Tair lapse rates must be understood to enable 
analysis of Twb lapse rates and assessment of spatial differences in the potential for 
snowmaking within a ski resort. At the Formigal ski resort an increase in elevation of 
1000 m caused average cooling of 4.9°C and 5.2°C for Tair and Twb, respectively, 
equating to 8-hours difference in artificial snow production per day. The lapse rates for 
Tair, Twb, and SM showed strong diurnal, daily, and monthly variability, mostly driven 
by variability in relative humidity and wind speed (both negatively correlated with lapse 
rates); these parameters were closely related to the weather types dominating at the 
synoptic scale. The smoothest lapse rates occurred under advections from the southeast, 
and to a lesser extent from the east and south and under anticyclonic conditions. The 
steepest Tair and Twb lapse rates were observed during north and northwest advections, 
whilst the steepest rates for SM were observed during days involving cyclonic 
circulation and advections from the northeast. Identification of the relationships of 
meteorological and synoptic conditions to the magnitude of the lapse rates provides 
useful information enabling ski area managers to forecast the short-term potential for 
production of artificial snow. Decadal variability in atmospheric circulation patterns 
may impact on the magnitude of Tair and Twb. In addition, the lapse rates for snow 
making are also dependent on air temperature. Thus, the climate warming projected for 
the majority of mountain areas is likely to have a major effect on the overall capacity to 
21 
 
produce artificial snow, but will also increase the spatial heterogeneity for potential 
snowmaking. 
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